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ABSTRACT
The nature of the bipolar, γ-ray Fermi bubbles (FB) is still unclear, in part because
their faint, high-latitude X-ray counterpart has until now eluded a clear detection. We
stack ROSAT data at varying distances from the FB edges, thus boosting the signal
and identifying an expanding shell behind the southwest, southeast, and northwest
edges, albeit not in the dusty northeast sector near Loop I. A Primakoff-like model
for the underlying flow is invoked to show that the signals are consistent with halo
gas heated by a strong, forward shock to ∼keV temperatures. Assuming ion–electron
thermal equilibrium then implies a ∼ 1056 erg event near the Galactic centre ∼ 7
Myr ago. However, the reported high absorption-line velocities suggest a preferential
shock-heating of ions, and thus more energetic (∼ 1057 erg), younger (. 3 Myr) FBs.
Key words: X-rays: ISM – gamma-rays: ISM – (ISM:) cosmic rays – Galaxy: centre
– shock waves
1 INTRODUCTION
1.1 The Fermi bubbles
Non-thermal lobes emanate from the nuclei of many galax-
ies. These lobes, thought to arise from starburst activ-
ity or an outflow from a super-massive black hole (for re-
views, see Veilleux et al. 2005; King & Pounds 2015), play
an important role in the theory of galaxy formation (e.g.,
Benson 2010, and references therein). The presence of a
massive, bipolar outflow in our own Galaxy has long been
suspected, largely based on X-ray and radio signatures on
large (Sofue 2000), intermediate (Bland-Hawthorn & Cohen
2003) and small (Baganoff et al. 2003) scales, indicating an
energetic, & 1055 erg event (Veilleux et al. 2005, and refer-
ences therein).
This scenario was revived by the discovery
(Dobler et al. 2010; Su et al. 2010, henceforth S10) of two
large γ-ray, so called Fermi, bubbles (FBs), symmetrically
rising far from the Milky-Way plane yet morphologically
connected, at least approximately and in projection, to
the intermediate scale X-ray outflow features. Due to their
dynamical, nonthermal nature, and the vast energy implied
by their presumed Galactic-scale distance, an accurate
interpretation of the FBs is important for understanding
the energy budget, structure, and history of our Galaxy.
The FBs, extending out to latitudes |b| ≃ 55◦, are
also seen in microwave synchrotron emission (Dobler 2012;
Planck Collaboration 2013), as the so-called microwave
⋆ E-mail: ukeshet@bgu.ac.il
Haze (Finkbeiner 2004), a residual diffuse signal surround-
ing the Galactic centre (GC). They may also morpholog-
ically coincide and with linearly polarized radio emission
(Carretti et al. 2013), although the association of this sig-
nal with the FBs is unclear.
1.2 Interpretation as a Galactic-scale phenomenon
The tentative identification of the FBs as massive structures
emanating from the GC, rather than small lobes of a nearby
object seen in projection, was based mainly on the coin-
cidence of the lobe’s base, to within a few degrees, with
the GC. The FB edges were recently extracted robustly,
without making any assumptions concerning the Galac-
tic foreground, by applying gradient filters to the Fermi-
LAT map; the resulting edges connect smoothly to the
intermediate-low latitude X-ray features, strengthening the
FB–GC coincidence to sub-degree scales (Keshet & Gurwich
2016, henceforth KG16). The implied, ∼ 10 kpc distance
scale corresponds to a high, ∼ 4 × 1037 erg s−1 luminosity
(S10, F14).
Additional, less direct indications for the FB–GC as-
sociation include the radio emission being too faint for
a nearby source confined to the already-magnetized thick
Galactic disk, the orientation of the FB axis being nearly
exactly perpendicular to the Galactic plane, in agreement
with an extended structure bursting out of the Galactic
disk (KG16, and references therein), and the low-latitude de-
polarization of the tentatively associated linearly polarized
lobes (Carretti et al. 2013). Another claim is the fairly high
emission measure (EM) of possibly related high-latitude X-
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ray features (Kataoka et al. 2013); however, we argued in
KG16 and conclusively show here that the X-ray signa-
ture was incorrectly interpreted. Moreover, it is unclear if
EM ≃ 0.01 cm−6 pc suffices to rule out a local structure.
1.3 Underlying flow and edge shock
In spite of their dramatic appearance in the γ-ray sky,
the nature of the FBs is still debated. Different models
were proposed (S10, F14), interpreting the FB edge as an
outgoing shock (Fujita et al. 2013), a termination shock
of a wind (Lacki 2014; Mou et al. 2014), or a disconti-
nuity (Crocker 2012; Guo & Mathews 2012; Sarkar et al.
2015); the γ-ray emission mechanism as either hadronic
(Crocker & Aharonian 2011; Fujita et al. 2013) or leptonic
(Yang et al. 2013); the underlying engine as a starburst
(Carretti et al. 2013; Lacki 2014; Sarkar et al. 2015), a
jet from the the central massive black hole (Cheng et al.
2011; Guo & Mathews 2012; Zubovas & Nayakshin 2012;
Mou et al. 2014), or steady star-formation (Crocker 2012);
and the cosmic-ray (CR) acceleration mechanism as first
order Fermi acceleration, second order Fermi acceleration
(Mertsch & Sarkar 2011; Chernyshov et al. 2014), or injec-
tion at the GC (Guo & Mathews 2012; Thoudam 2013).
More clues regarding the nature of the FBs have grad-
ually surfaced. The microwave haze shows a hard spec-
trum, νIν ∝ ν−0.55±0.05 (e.g., Planck Collaboration 2013),
corresponding to CR electron (CRE) acceleration in a
strong, M & 5 shock (KG16). Metal absorption lines of
{−235,+250} km s−1 line of sight velocities in the spectrum
of quasar PDS 456, located near the base of the northern
FB, indicate an outflow velocity & 900 km s−1 (Fox et al.
2015). Longitudinal variations in the Ovii and Oviii emis-
sion line strengths, integrated over a wide latitude range
covering the entire FBs, suggest a ∼ 0.4 keV FB multi-
phase plasma with a denser, slightly hotter edge, propagat-
ing through a ∼ 0.2 keV halo, thus suggesting a forward
shock of Mach number M = 2.3+1.1−0.4 (Miller & Bregman
2016). By removing a FB template, Su & Finkbeiner (2012)
found a southeast–northwest, bipolar jet, with a cocoon on
its southeast side; however, only the cocoon was so far con-
firmed to be significant (F14).
The γ-ray spectrum of the FB shows very little vari-
ations with position along the edge; this alone indicates,
when invoking CRE Fermi-acceleration, a strong shock with
M > 5 (KG16). The spatially integrated (S10; F14) or lo-
cally measured (KG16) γ-ray spectrum can be naturally ex-
plained for ∼few Myr old bubbles, without invoking ad-
hoc energy cutoffs, only in a leptonic model featuring a
∼ 1 GeV cooling break (Gurwich and Keshet, in prepara-
tion); this spectrum is again consistent with CREs injected
in a strong shock. Finally, the edge spectrum is found to be
slightly but uniformly and consistently softer than the FB-
integrated spectrum (KG16); this is naturally explained by
inward CRE diffusion in a Kraichnan-like magnetic turbu-
lence if the FB edge is a forward shock.
1.4 High latitude X-ray signature
At the highest FB latitudes, an absorbed, ∼ 0.3 keV X-
ray component was reported (Kataoka et al. 2013), with a
∼ 60% jump in the EM as one crosses outside the edge of the
northern bubble. Here and in what follows, we refer to the
gas closer to (farther from) the GC as lying below, or equiv-
alently inside (above, or equivalently outside) the edge. The
putative jump reported by Kataoka et al. (2013) would sug-
gest that the FB edges are in fact a weak, M ∼ 1.5 reverse
shock, terminating a wind. However, as we pointed out in
KG16, these observations are complicated by the high level
of dust and confusion with other structure in the northern
hemisphere, and are equally — if not more convincingly —
consistent with a drop, rather than a jump, in both south
and north bubbles, which would suggest a forward shock.
Such a drop would furthermore be consistent with the evi-
dent X-ray drops at the intermediate-low latitude X-ray fea-
tures (Bland-Hawthorn & Cohen 2003), and with the other
evidence outlined above.
Here we use the ROSAT all sky survey (RASS;
Snowden et al. 1997) to measure the high latitude X-ray
signal associated with the FBs. Modelling the FBs as an
expanding shell, we derive the drop in flux and in tempera-
ture expected as one crosses outside the edge, in a transition
spanning ∼ 2◦ in projection, as well as the gradual bright-
ening of the signal and cooling of the gas over ∼ 10◦ within
the FBs towards the GC. These signals are difficult to pick
up directly due to various structure in the X-ray sky, the
uncertainty in the precise location of the FB edge, the low
surface brightness, and the ROSAT X-ray background. Nev-
ertheless, the data can be stacked at fixed distances from the
FB edge, which has already been traced directly with a few
degree precision using the Fermi data in KG16, to greatly
enhance the signal well beyond the detection threshold. Er-
rors in edge location, variations in the radial profiles, and
noise, are thus effectively averaged out, enabling a firm de-
tection of the signal.
The paper is arranged as follows. In §2 we model the
expected X-ray signal from the FBs. The ROSAT data and
analysis procedure are presented in §3. The X-ray structure
perpendicular to the FB edges is extracted in §4, and ana-
lyzed in §5. The results are summarised and discussed in §6.
We use 1σ error bars, unless otherwise stated, and Galactic
coordinates, throughout.
2 FB MODEL
2.1 Edge toy model
To model the gas flow underlying the FBs, we begin with a
toy model for the shape of the high latitude edge. Consider a
simple bipolar shock pattern, specified by the Galactocentric
radius,
R = R0 ×
{
1− (θ/θ0)2 for 0 < θ < θ1 ;
c1/(θ + θ
8) for θ1 < θ < π/2
(1)
for the north FB, and symmetrically (θ → π − θ) about the
Galactic plane for the south FB. Here, R0 is the peak height
of the FB, and θ is the polar angle, measured in a frame
with the GC at the origin. For a FB seen in projection with
a maximal latitude b ≃ 53◦, and for a Solar Galactocentric
radius r⊙ ≃ 8.5 kpc, we find that R0 ≃ 10 kpc. A good
fit for the top of the FBs requires θ0 ≃ π/5; continuity of
the edge and its first derivative then yield θ1 ≃ π/8.6 and
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c1 ≃ 0.24. The FB edge resulting from this two-parameter
(R0 and θ0) model is shown in projection in Figure 1.
For comparison, the figure also shows the FB edges, as
extracted in KG16 (coarse grained edge number 1, therein
and below), for both hemispheres. At latitudes |b| & 15◦, the
model reasonably matches the observed edge on the better
resolved, eastern side; lower latitudes are outside the scope
of the present analysis. The model does not, however, cap-
ture the east-west FB asymmetry, in particular the observed
westward extension of the high |b| bubbles. Consequently,
the high latitude (|b > 15◦) solid angle ∼ 0.34 of each ob-
served FB is ∼ 20% larger than the corresponding, ∼ 0.28 sr
solid angle of the FB in the toy model.
2.2 Upstream, halo model
Consider a scenario where the FBs arise from a rapid re-
lease of energy, leading to a supersonic outflow with a for-
ward shock coincident with the FB edges. The outflowing
gas should form a massive shell, with density and pressure
increasing outwards towards the shock. This increase is ex-
pected to be gradual for the ∼ r−2 decline attributed to the
density of the Galaxy’s hot gas halo, into which the FBs are
presumably expanding.
In particular, a β-model based on Ovii emission and
absorption lines (Miller & Bregman 2013) is consistent at
r ≫ 1 kpc radii with an isothermal sphere distribution,
ne,u ≃ ne,10
(
r
10 kpc
)−2
, (2)
where ne,10 ≡ 4× 10−4n4 cm−3 is the electron number den-
sity ne at r = 10 kpc, and subscript u (subscript d) denotes
the upstream (downstream) plasma.
Specifying the flow underlying the FBs requires some
assumption on the upstream temperature, Tu. The halo
temperature, based on Ovii emission and absorption, is
(Miller & Bregman 2013)
kBTu ≡ kBTh ≃ (0.1–0.2) keV , (3)
where kB is Boltzmann’s constant. Assuming (henceforth)
an adiabatic index Γ = (5/3) and a cosmic element abun-
dance with mean particle mass µmp, where µ ≃ 0.6, these
temperatures correspond to an upstream sound velocity
cs,u ≃ (170–190) km s−1. Note that a somewhat higher,
kBTu ≃ 0.3 keV temperature was derived from X-rays using
Suzaku (Kataoka et al. 2013).
2.3 Flow model
A spherical, strong shock propagating into a halo-like,
n ∝ r−2 medium asymptotes to the Primakoff-like so-
lution (Courant & Friedrichs 1948; Keller 1956), in which
the downstream distribution follows power-law profiles
(Bernstein & Book 1980)
n ∝ r , P ∝ r3 , and v ∝ r . (4)
For simplicity, we assume that the linear (in r) velocity
of the spherical Primakoff-like solution remains valid in our
nonspherical model, when choosing the GC as the origin.
Then (Bernstein & Book 1980)
v(r, t) = (2t)−1r , (5)
Figure 1. Projected X-ray FB model: flux in
the ROSAT (0.1–2.4 keV) band (solid blue curves),
log10(FX [n
2
4 erg s
−1 cm−2 sr−1]), and X-ray weighted tem-
perature (dashed red contours), TX [M
2
10T0.15 keV]. Also shown
are edges 1 of the north (dot-dashed black) and (reflected about
the Galactic plane) south (dotted green) FBs.
where t is the age of the FBs. For simplicity, we assume
here that electrons and ions are shock-heated to the same
temperature, and revisit this issue in §6. These assumptions
now fix the structure of the flow throughout the modelled
FBs.
The Rankine-Hugoniot jump conditions dictate that the
shock velocity in the Galaxy frame is
vs = vu =
Γ+ 1
Γ− 1 + 2M−2 vd ≃
4
1 + 3M−2
vd , (6)
where vu and vd are the fluid velocities with respect to the
shock. Taking the velocities as radial, vd ≃ vs − v(R), so
vs =Mcs,u ≃ 4v(R)
3(1−M−2) =
2R/t
3(1−M−2) , (7)
giving
M =
2
3
M˜ +
√
1 +
(
2
3
M˜
)2
, (8)
where M˜ ≡ v(R)/cs,u = R/(2cs,ut) is the fluid velocity at
r = R normalized to upstream sound. In the strong shock
limit, this becomes M ≃ (4/3)M˜ .
Equivalently, given a shock Mach number M , the flow
velocity is fixed by v(R) = 3cs,u(M − M−1)/4, becoming
v(R) ≃ (3/4)Mcs,u in the strong shock limit. We may now
write t in terms of the Mach number M = 10M10 at the top
of the FB,
t =
2R0/(3cs,u)
M −M−1 ≃
2R0
3Mcs,u
≃ 3.3M−110 T−1/20.15 Myr , (9)
where T0.15 ≡ kBTu/(0.15 keV), and in the second equality
we assumed the shock to be strong.
MNRAS 000, 1–?? (2017)
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The thermal properties in the immediate downstream
are now given by
ne,d =
Γ+ 1
Γ− 1 + 2M−2 ne,u ≃
4
1 + 3M−2
ne,u , (10)
which scales as ne,u ∝ R−2 in the strong shock limit, and
Pe,d =
(
2ΓM2
Γ + 1
− Γ− 1
Γ + 1
)
Pe,u ≃ 5M
2 − 1
4
Pe,u , (11)
which for a strong shock becomes ∝ v(R)2Pe,u ∝ R0, inter-
estingly implying a constant downstream pressure along the
entire shock surface at any given time.
2.4 X-ray signature
By combining the edge pattern in Eq. (1), the flow profiles
in Eqs. (4–5), the jump conditions in Eqs. (10–11), and the
upstream distribution in Eqs. (2–3), we may now compute
the expected X-ray signature of the FBs. The properties of
the resulting signal, as seen in projection from the Solar
system, are shown in Figures 1 and 2. They depend on the
shock and upstream parameters, calibrated for simplicity at
the top of the FB; in particular, we use the Mach num-
ber M(r = 10 kpc) = 10M10 and electron number density
ne(r = 10 kpc) = 4× 10−4n4 cm−3.
For comparison with the ROSAT data analyzed in §3–5,
we model the full ROSAT, (0.1–2.4) keV band. The emission
coefficient integrated over this enegry range, computed using
the MEKAL model (Mewe et al. 1985, 1986; Kaastra 1992;
Liedahl et al. 1995) in XSPEC v.12.5 (Arnaud 1996), does
not strongly depend on ∼ keV temperature,
jX ≃ 9× 10−25 n
2
eZ
0.6
0.3
T 0.1keV
erg s−1 cm−3 sr−1 , (12)
where TkeV ≡ (kBTe/1 keV) is the electron temperature,
Z0.3 ≡ Z/(0.3Z⊙) is the metallicity, and the fit pertains to
the TkeV ∈ [0.1, 1.5], Z0.3 ∈ [0.3, 3] range.
Neglecting for simplicity the temperature and metallic-
ity dependencies, we integrate the approximate jX ≃ CXn2e
along the line of sight l,
FX ≃
∫
CXn
2 dl ≃ CX
∫ ( r
R
ne,d
)2
dl
≃ 16CXn
2
e,10
(1 + 3M−2)2
∫
(10 kpc)4r2
R6
dl . (13)
Here, R = R(r) is the shock radius along the ray emanating
from the GC and passing through r. The X-ray-weighted
temperature can similarly be computed,
TX ≃ CX
FX
∫ (
r2
R2
Te,d
)( r
R
ne,d
)2
dl
≃ 500M
2
10CXn
2
e,10Th
FX
∫
(10 kpc)2r4
R6
dl
≃ 31M
2
10Th
(10 kpc)2
∫
(r4/R6) dl∫
(r2/R6) dl
, (14)
where in the last two lines we approximated the shock as
strong. The resulting, projected X-ray structure, as seen by
a putative observer in the Solar system, assumed to be r⊙ =
8.5 kpc from the GC, is shown in Figure 1.
In §4 we measure the ROSAT flux as a function of the
angular distance ψ from the FB edge. For consistency with
Figure 2. Stacked X-ray signature of the FB model as a func-
tion of angular distance ψ from the edge (marked by a dotted
black line): flux FX in the ROSAT band (solid blue curves, left
axis) and X-ray weighted temperature (dashed red, right axis),
shown for both the high latitude (|b| > 30◦, thick curves) and
intermediate latitude (15◦ < |b| < 30◦, thin curves) sectors.
KG16, we take ψ < 0 to designate regions inside the bubble.
To boost the signal and allow such a measurement, we stack
data along wide sectors, in particular sectors defined by in-
termediate (15◦ < |b| < 30◦) or high (|b| > 30◦) latitudes. In
order to compare these results with the model, we apply the
same procedure to the modelled X-ray signature in Figure
1; the resulting profiles are shown in Figure 2. Figures 1 and
2 show both FX (solid) contours and TX (dashed) contours.
2.5 Other model properties
The total energy in the modelled FBs is estimated by inte-
grating the ion bulk kinetic energy and the thermal energy,
which we temporarily assume to be equilibrated between
ions and electrons (see §6 for a discussion of this assump-
tion). In the above model, this yields
EFB ≃ 2.4× 1056M210n4T0.15 erg (15)
from the two bubbles combined; ∼ 45% of this energy is in
the form of bulk kinetic energy.
We confirm that in our Primakoff-like model, the γ-ray
signature is broadly consistent with Fermi observations. It
rises across several degrees from the edge inward, remains
quite spatially flat, and shows no limb brightening, in agree-
ment with the data. This is demonstrated in Figure 3, show-
ing the profiles of the γ-ray flux in the high and intermediate
latitude sectors. The figure depicts both jγ ∝ n0e and jγ ∝ n1e
γ-ray emissivity models (each with its own arbitrary units);
the former corresponds to the strong diffusion limit. Inter-
estingly, the ∝ n1e model provides a better fit to the results
of KG16, in which the stacked, low-energy signal appears to
be stronger at lower latitudes than it is in high latitudes.
In our model, quasar PDS 456 would show ∼
{−50,+200}M10T 1/20.15 km s−1 absorption line velocities in
the Galactic standard of rest (GSR), due to the FBs. For
our fiducial parameters, these offsets are somewhat smaller
than, namely are only ∼ {1/4, 2/3}M10T 1/20.15 times, the
{−190,+295} km s−1 GSR line velocities inferred from ob-
servations (Fox et al. 2015). The observed line velocities,
and importantly, their ratio, are not well-reproduced here,
MNRAS 000, 1–?? (2017)
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Figure 3. Stacked γ-ray signature of the FB model for emis-
sivities jγ ∝ n0e (green, dot-dashed curves) and jγ ∝ n
1
e (cyan,
dotted), in the high (thick) and intermediate (thin) latitude sec-
tors. An arbitrary normalization is applied for each emissivity
model.
Figure 4. Stacked X-ray and γ-ray signatures of the FB for an
underlying Sedov-Taylor-Von Neumann-like flow. Notations and
symbols combine those of Figures 2 and 3.
but these values are sensitive to the assumed linear velocity
and the adopted edge pattern at low latitudes, which are not
well constrained. Indeed, a 2.5◦ eastward shift in the posi-
tion of the b = 10◦ modelled east FB edge would reproduce
the observed values for M210T0.15 = 1.
Our analysis can be readily generalized for different
choices of the 3D FB edge, flow, and upstream models. As
an example, consider the case where the upstream density
is constant, giving rise to a Sedov-Taylor-Von Neumann-like
profile behind the shock. Here, the mass shell is more com-
pact, compressed against the shock. The resulting X-ray and
γ-ray profiles are shown in Figure 4, for a fixed upstream
density ne = 4× 10−4n4 cm−3. The projected profiles of X-
rays and of jγ ∝ n1e γ-rays show clear limb brightening. As
we show, such profiles are inconsistent with both ROSAT
and Fermi-LAT observations; the X-ray data thus favor the
standard, ne ∝ r−2 upstream profile of the Primakoff-like
model.
Table 1. ROSAT energy bands used in the analysis.
Band name Energy range [keV; 10% of peak response]
R4 0.44–1.01
R5 0.56–1.21
R6 0.73–1.56
R7 1.05–2.04
Table 2. Different FB edge contour tracing.
Edge Tracing method Reference
1 Gradient filter on a 6◦ scale KG16
2 Gradient filter on a 4◦ scale KG16
3 Traced by eye KG16
4 Traced by eye S10
3 DATA PREPARATION AND ANALYSIS
We use the ROSAT all sky survey (RASS; Snowden et al.
1997), with the Position Sensitive Proportional Counter
(PSPC) of the X-ray telescope (XRT). The provided1 PSPC
maps were binned onto 12′×12′ pixels, well above the native
1′.8 radius for 50% energy containment. Point sources were
removed to a uniform source flux threshold for which their
catalog is complete over 90% of the sky; the correspond-
ing pixels are masked from our analysis. We use the four
high energy bands of the survey, denoted R4–R7, spanning
the energy range 0.4–2.0 keV with a considerable overlap,
as detailed in Table 1. The low energy bands, R1–R3, are
found to be too noisy for our analysis.
Figure 5 illustrates the analysis using the R6 band. The
figure, spanning 160◦ in latitude and 70◦ in longitude, was
retrieved from SkyView (McGlynn et al. 1998) in a rectan-
gular (CAR) projection with a 16′ latitude resolution, cho-
sen to slightly exceed the native, binned map resolution. A
biconal, heart shaped signature reminiscent of the model in
Figure 1 is evident at the base of the FBs, at low latitudes
|b| . 15◦ (Bland-Hawthorn & Cohen 2003).
However, this emission is seen to extend to higher lati-
tude, at least in the southern bubble, as we demonstrate by
smoothing the map on large scales (for illustrative purposes
only; no smoothing is used in the subsequent analysis). For
example, using an 8◦ Gaussian filter (panels c and d) shows
that the signal (highlighted as long-dashed yellow contours
in panel d) extends to |b| ≃ 40◦ latitudes. The signal is less
clear in the northern bubble, which is known to be more
contaminated (e.g., F14) due to higher levels of dust and
gas (e.g., Narayanan & Slatyer 2016), especially near the
northeastern Loop I feature; the signal may nevertheless be
discernible in its northwestern part.
To highlight the association of the bipolar X-ray fea-
tures with the Fermi bubbles, Figure 5 also shows (in panels
b and d) the FB edges extracted from the γ-ray data in
KG16 and S10 (see Table 2), superimposed on the X-ray
map. The KG16 edges labeled 1 and 2, which we use to
extract the stacked, radial profiles in §4, are based on gra-
dient filters of coarse-grained (6◦) and refined (4◦) angular
scales, applied to the Fermi data. Also shown are the edges
extracted by eye in KG16 (edge 3) and in S10 (edge 4).
1 http://hea-www.harvard.edu/rosat/rsdc.html
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(a) (b) (c) (d)
Figure 5. ROSAT band R6 (0.73 keV < E < 1.56 keV) image in Galactic coordinates, with a rectangular (CAR) projection and a
cube-helix (Green 2011) colormap. Shown are both the raw map (panels a and b; color scale: 10−6 counts s−1 arcmin−2) and the map
smoothed with an 8◦ Gaussian filter (panels c and d; arbitrary color scale). The four edge contours (see Table 2) are overlaid in panels
b and d, as extracted in KG16 based on the Fermi-LAT map with a 6◦ gradient filter (solid blue) and a 4◦ filter (dashed red), or traced
by eye in KG16 (dot-dashed cyan) and in S10 (dotted purple). Notice that the bipolar, heart shape structure inside the bubbles extends
to high latitudes in the south bubble (long-dashed yellow curves in panel d), and perhaps also in the west part of the north bubble.
For the subsequent analysis, we convert the
ROSAT/PSPC count rates into physical flux units us-
ing the R4–R7 filters in the PIMMS (v4.8d; Mukai 1993)
tool. For simplicity, the photon flux in each band is con-
verted into the corresponding energy flux in one and the
same, [0.1, 2.4] keV, wide energy ROSAT band, henceforth
denoted as FX . Hence, one may expect the exact same FX
profile to be extracted from the different energy bands,
provided that they are dominated by the same signal, with
a comparable weighted temperature, and, importantly,
that the correct temperature is used in the conversion.
Unabsorbed fluxes are reported, computed using weighted
column densities based on the Dickey & Lockman (1990)
HI analysis.
We also compute the emission measure, EM ≡ ∫ n2e dl,
corresponding to FX , with (e.g., Rybicki & Lightman 1979)
FX ≃ αcσT√
6π3
∫
dl Z2i n
2
e
(
mec
2
kBT
)1/2 ∫
dǫ g¯ffe
−ǫ/kBT
≃ 2.9× 10−16 g¯b
T
1/2
keV
EM erg s−1 cm−2 sr−1 , (16)
where α is the fine-structure constant, σT is the Thompson
cross section, c is the speed of light, and me is the elec-
tron mass. Here, we neglected temperature and metallicity
variations along the line of sight, took the cosmic value of
the mean squared atomic number, Z2i ≃ 1.2, and defined g¯b
as the integral (in the first line of Eq. 16) of the weighted
Gaunt factor g¯ffe
−ǫ/kBT over photon energy ǫ. We use the
Gaunt factor approximations (e.g., Dewitt & Dewitt 1973)
g¯ff ≃
{√
3kBT/(πǫ) for ǫ≫ kBT ;
(
√
3/π)[ln(4kBT/ǫ)− γ] for ǫ≪ kBT ,
(17)
where γ is Euler’s constant.
4 STACKED X-RAY PROFILES
Next, we measure the profile of the X-ray brightness as a
function of a varying angular distance ψ from the edge. The
resulting FX(ψ) profile can then be compared to the model
in Figure 2, testing the presence of a shell and providing an
estimate of its parameters, in particular the plasma density
and temperature.
In order to pick up the weak, diffuse signal, we analyze
wide sectors along the FB, and map the pixels onto ∆ψ =
2◦ wide bins according to their distance ψ from the edge.
The results do not appreciably change for other resolutions,
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Figure 6. The X-ray flux in the ROSAT [0.1, 2.4] keV energy
band, as a function of the angular distance ψ from the FB coarse-
grained edge 1, for the southern, b < −30◦, east+west sectors.
Negative ψ values correspond to the inner part of the bubble, i.e.,
closer to the GC. Plotted is the flux difference, ∆FX (left axis),
with respect to the bin just inside the edge. The flux is computed
based on the four energy bands R4–R7 (thick, long-dashed, red
curve, to thin, solid, blue curve; higher energy bands shown with
increasingly thinner lines, shorter dashing, and bluer hue), using
the best fit temperature, kBTX = 0.4 keV; see text and Figure
7. The corresponding emission measure difference (∆EM; right
axis) is computed using Eqs. (16–17).
but the statistical fluctuations become prohibitively large
for ∆ψ . 1◦.
4.1 South, high latitude profile
Consider first the wide, east+west, high latitude sector in
the southern bubble, defined by b < −30◦. Its X-ray pro-
file measured with respect to the coarse-grained edge 1 is
presented in Figure 6. With the above choice of ∆ψ, each
angular bin corresponds to a large solid angle, ranging from
∼ 63 square degrees in the innermost bin, to ∼ 121 square
degrees in the bin lying just below the edge, to even larger
solid angles outside the edge. The error bars represent the
1σ statistical confidence levels of each bin, assuming a Pois-
son distribution. They do not include the dispersion in the
signal among the pixels within the bin, as this is affected by
the spatial non-uniformity of the gas distribution, FB asym-
metry, gas clumping, and other effects which are beyond the
present scope; the smoothness of the resulting signal indi-
cates that our averaging process is meaningful. (Even the
R7 bump around ψ = 3◦ is resolved at smaller ∆ψ.)
The signal in Figure 6 shows a clear break at the
location of the FB edge, with FX becoming noticeably
stronger inward, in resemblance of the expected signature
of the supersonic shell in Figure 2. (Interestingly, in this
sector the signal also strengthens outwards; see discussion
below.) Thus, stacking along the edge allows us to mea-
sure the weak, extended signal. The emission measure is
EM . 0.02 cm−6 pc at (−4)◦ < ψ < 0. As expected, this
is somewhat lower than the Suzaku (Kataoka et al. 2013)
signal and sensitivity in this region. Indeed, the small field
of view in the Suzaku observation (∼ 0.9 square degrees
per CCD; Kataoka et al. 2013) renders its results sensitive
to the substantial variations in foreground and signal along
the edge, which are averaged out in our method.
In Figure 6, similar signatures are seen in each of the
Table 3. Different sectors along each bubble’s edge.
Sector Longitude range Latitude range
a −5◦ < l < 5◦ |b| > 30◦
b l > 0◦ |b| > 30◦
c l < 0◦ |b| > 30◦
d l > 0◦ 15◦ < |b| < 30◦
e l < 0◦ 15◦ < |b| < 30◦
Sectors are also denoted by the above notation along with the
letter N (for northern hemisphere) or S (southern hemisphere).
three low energy bands, R4–R6, but the signal is less clear
in the high energy band, R7, suggesting that the electron
temperature is somewhat lower than ∼ 1 keV. Indeed, the
R4–R6 signals agree with each other for the kBTX ≃ 0.4 keV
conversion temperature used to prepare this figure. More
precisely, this is the temperature we find far (ψ . −7◦)
inside the edge, where the signal is strong. Closer to, yet still
inside, the edge, the mismatch between bands R4–R6 and
the clearer R7 signal suggest a higher temperature; see also
Figure 7. Notice that the temperature is indeed expected to
decline with increasing distance inside the edge, by a factor
of ∼ 2 by ψ = −10◦; see Figure 2.
Figure 7 shows the same sector and edge, but with dif-
ferent temperatures assumed in the flux conversion: (from
left to right) 0.8, 0.2, and 0.15 keV. The mismatch here be-
tween bands R4–R6 indicates that TX is indeed lower than
0.8 keV (shown in panel a), yet higher than 0.2 keV (shown
in panel b). We conclude that in this sector, far (ψ ≃ −10◦)
inside the edge, TX ≃ 0.4 keV to within a factor of ∼ 2.
It is difficult to measure the temperature outside the FB
edge, where the signal is weaker and the gas is colder than
optimal for our energy bands. Figure 7 shows (in panels b
and c) that bands R4 and R5 are well matched for kBTX ≃
0.1–0.2 keV; this would place these bands on the exponential
decline of the signal. The rising profile of FX with increasing
ψ > 0 outside the edge in bands R4–R6 suggests some high
energy upstream contamination; see discussion in §5.
4.2 High and intermediate latitude profiles
In the above method, we measure the stacked X-ray profiles
in ten smaller sectors, at both east and west longitudes, both
high and intermediate latitudes, and in both hemispheres.
We use the sectors defined in KG16, as summarized in Table
3, labeled by lowercase letters a through e, with or without
a hemispheric designation N (north) or S (south). Defining
the ψ = 0 contour according to FB edge 1, which in turn is
based on the coarse-grained gradient filter, yields the results
shown in Figure 8. Results for the higher resolution gradi-
ent filter (more sensitive to sharp transitions), edge 2, are
presented in Figure 9.
These figures show the difference of FX and EM with
respect to the FB edge, which can be taken as the first bin
either below or above the putative, edge 1 or edge 2 position.
In most cases, we define the edge value according to the bin
just below the putative edge, as in Figures 6–7, but some
sectors (aN, cN, dS, and for edge 2 also cS) yield better
results with the first bin above the edge.
For simplicity, we assume a constant temperature
within each sector when converting the ROAST/PSPC
counts to energy flux; the more realistic, ψ-dependent tem-
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(a) (b)
(c)
Figure 7. Temperature dependence of the b < −30◦ sector shown in Figure 6 (with the same notations and symbols), shown for
kBTX = 0.8 keV (panel a), 0.2 keV (panel b), and 0.15 keV (panel c). The (downstream; ψ < 0) mismatch between the R4–R6 bands
at these temperatures (in both panels a and b) indicates that TX lies between 0.2 keV and 0.8 keV; such kBTX < keV temperature is
also consistent with the unclear signal in the high energy band R7; see Figure 6 and discussion in the text. Outside (ψ > 0) the FB,
energy bands R4 and R5 can be matched with kBTX ≃ 0.15 keV (panel c), but this cannot be confirmed by R6–R7.
(a)
(b)
(c)
(d)
(e)
(d)
(e)
(b) (c)
(a)
Figure 8. X-ray flux (and emission measure) difference as a function of angular distance ψ from edge 1 in various sectors (arranged
roughly according to their position on the sky; see Table 3). We use the conversion temperature kBTX = 0.4 keV, which gives the best
fit far below the edge, for all sectors. Notations and symbols are identical to those used in Figure 6.
perature is beyond the scope of the present work. In all
sectors that show a signal inside the FBs, the best fit is
obtained with kBTX ≃ 0.4 keV (up to a factor of ∼ 2) far
(ψ ≃ −10◦) from the edge. There is evidence for higher tem-
peratures closer to the edge, as discussed in §4.1 above, but
here the statistical errors become large.
5 SIGNAL ANALYSIS AND MODELLING
As Figures 8 and 9 show, the high latitude (|b| > 30◦) signal
in the southern bubble is identified in both the southeast
(sector bS) and the southwest (sector cS), independently. It
is also seen if we consider only the bubbles’ axis, restricting
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(a)
(b)
(c)
(d)
(e)
(d)
(e)
(b) (c)
(a)
Figure 9. Same as Figure 8, but for edge 2.
the analysis to the narrow longitudinal range −5◦ < l < 5◦
(sector aS). These southern signals are seen when using both
edges 1 and 2, with small variations as expected from the
differences in the precise edge locations. We conclude that
the signal is robustly confirmed in the southern bubble.
The northern bubble is known to be more prone to con-
fusion, especially near Loop I in the northeast. Nevertheless,
the high-latitude signal can be seen in the north bubble as
well, in sectors aN and cN, albeit not in the northeast sector
bN which is adjacent to Loop I. This result, and the similar-
ity between the north and south signatures, especially when
using edge 2, support the presence of an underlying X-ray
shell associated with both bubbles at high latitudes.
At intermediate (15◦ < |b| < 30◦) latitudes, only the
southeast sector (dS) shows clear evidence for the signal,
using both edges 1 and 2; the signal in the adjacent sector
eS is marginal. These stacked profiles are considerably more
noisy than at high latitudes; no signal is seen in the north.
This is to be expected, due to confusion with the abundant
X-ray structure near the Galactic plane, and the difficulty
of tracing the γ-ray edges at low-latitude; both effects are
more severe in the northern hemisphere.
As mentioned in §4, all high-latitude sectors that show
a signal are consistent with kBTX ≃ 0.4 keV far (ψ ≃ −10◦)
inside the edge. We cannot confirm a latitude dependence
of TX , but this is not surprising considering the noisy sig-
nal at intermediate latitudes and the oversimplified, ψ-
independent conversion temperature we use in each sector.
As one approaches the FB edge from below, a fairly
sharp drop of FX , spanning a few degrees, can be seen in
sectors aS, cS, dS, aN, and with edge 2, also cN. But these
drops are not as sharp and pronounced as in the model Fig-
ure 2, and no localized drops are seen in other sectors, in
particular bS, which is further discussed below. The exces-
sive smoothness of the measured profiles are likely a result
of inaccuracies in tracing the edge position and orientation,
along with variations in the actual gas profiles, projection
effects, and noise.
The b < −30◦ signal in Figure 6 monotonically rises
with increasing (−ψ) inward towards the GC. This resem-
bles the anticipated (cf. Figure 2) signature at intermediate
(15◦ < b < 30◦) latitudes, but is unlike the flattening of the
modeled signal at high latitudes, which is seen in Figure 2 to
be nearly constant for −10◦ < ψ < −2◦. Such unexpected,
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non-flat behavior is seen in Figure 8 to be dominated by sec-
tor bS ; a similar trend is also seen in sector cN. In contrast,
the expected flattening of the profile is seen in sectors aS,
cS, and aN. Moreover, this flattening is more pronounced
for these sectors when using edge 2 (see Figure 9); here, sec-
tor cN also shows a clear flattening. We conclude that the
detailed ψ-profile is broadly consistent with the model, but
cannot be robustly inferred from the present analysis, as it is
somewhat sensitive to the method of edge tracing, and may
vary across the FBs. This somewhat diminishes our ability
to distinguish between different (presently over-simplified)
models for the gas distribution.
Another difference between the measured (high-
latitude, southern) profile in Figure 6 and the model Figure
2 pertains to the upstream: the measured signal strengthens
away from the edge also with increasing positive ψ, outside
the FB, instead of being flat or slightly decreasing due to
the expected diminishing Galactic emission away from the
plane. This again is seen to be dominated by sector bS, al-
though cS contributes here as well. Again, a more consistent,
flatter upstream profile is seen in sectors aS and aN, as well
as cN and dS, and especially when using edge 2. The un-
usual profiles both inside and outside the southeast edge bS
suggest that the upstream gas here differs from other sectors
and from our model. The detection of upstream structure in
energy bands R4–R6 and even R7 suggests some high energy
upstream contamination in this sector.
In spite of these caveats, we may carry out an ap-
proximate, quantitative comparison of the measurements
in Figures 6, 8 and 9 with the model Figure 2. The
high latitude profiles reach a flux FX(ψ ≃ −10◦) ≃ 5 ×
10−8 erg s−1 cm−2, to within a factor of ∼ 2, whereas the in-
termediate latitude sector dS reaches a flux as high as three
times this value. The corresponding, normalized n24FX val-
ues in the model are comparable to these values, so match-
ing the observations with the model confirms the expected
upstream densities. We conservatively take the discrepancy
factor in the flux to be DF ≃ 1, with an uncertainty factor
∼ 3, such that the upstream electron number density just
outside the top of the bubbles is inferred to be roughly
ne(r = 10 kpc) ≃ 4+4−2 × 10−4 (1DF )1/2 cm−3 . (18)
Note that the error bars here and in Eq. (19) below reflect
the variations in the measured and modeled signals, and are
not statistical.
In the model, the normalized X-ray temperatures at
ψ = −10◦ are approximately kBTX ≃ 1.8T0.15M210 keV at
high latitudes, and ∼ 0.7 keV at intermediate latitudes.
Only the high latitude signal temperature is adequately
measured (up to a factor of 2), as kBTX ≃ 0.4 keV. The
implied TX discrepancy is a factor of DT ≃ 1/4, with an un-
certainty factor ∼ 2, so matching the model crudely yields
M210kBTu ≃ 0.04+0.04−0.02 (4DT ) keV . (19)
It is difficult to measure the upstream temperature with
bands R4–R7, as illustrated by Figure 7, but tempera-
tures higher than 0.5 keV can be excluded. For a high-
latitude temperature kBTu ≃ 0.3 keV, as found by Suzaku
(Kataoka et al. 2013), the shock Mach number becomes
M ≃ 3.6, up to an uncertainty factor of ∼ 50%. How-
ever, lower estimates of the upstream temperature (kBTu ≃
0.2 or 0.15 keV according to Miller & Bregman 2013, 2016,
and kBTu ≃ 0.15 keV suggested by Figure 7) would imply a
stronger, M ≃ 5 shock. We conclude that M ≃ 4, to within
a systematic uncertainty of ∼ 2.
6 SUMMARY AND DISCUSSION
We analyze the ROSAT all sky survey in search of the
faint, high-latitude X-ray counterpart of the FB γ-ray sig-
nal. First, we present a semi-analytic model that reproduces
the γ-ray and low-latitude X-ray signatures of the FBs (see
Figures 1 and 3), as well as other constraints, such as the
strong shock inferred from microwave and γ-ray observa-
tions, and the absorption line velocities seen towards quasar
PDS 456. This model is then used to compute the signal
expected from stacking the ROSAT data along the FB edge
(Figure 2). Next, we use the FB edges identified previously
(by applying gradient filters to the Fermi-LAT map; KG16,
see Table 2 and Figure 5), and stack the ROSAT data at
varying distance from the edge, in various sectors (see Table
3) along the FBs (Figures 6–9). The resulting high-latitude
signal shows structure clearly associated with the FB edge,
in all sectors in the southern hemisphere. The signal can
also be seen in the northern hemisphere, but only in the
northwest sectors, far from Loop-I.
Owing to the stacking method, averaging the data over
bins of several 10 square degrees, the statistical errors are
rendered manageably small. Systematic errors due to precise
edge localization, projection effects, and competing struc-
ture, are more important, but they too are largely washed
out in the averaging process. The similar stacked ROSAT
signature seen in the different sectors (both north and south,
and in the south bubble at both east and west longitudes,
and at high and even intermediate latitudes), its approxi-
mate agreement with the model predictions, and its robust-
ness against small variations in the edge location and in the
analysis parameters (resolution, emission model, absorption
model; see below), support a high-significance detection.
The distinguishing characteristic of the signal is the
high X-ray brightness found several degrees inside the FBs,
declining towards, and dropping as one crosses outside, the
FB edge. This conclusively shows that the FBs are a for-
ward, and not a reverse, shock. The FBs must therefore
arise from a rapid release of energy near the GC, ruling out
competing wind or other slow energy release models. Our
results are consistent with the Suzaku data (Kataoka et al.
2013), showing a similar effect at least in the cleaner, south-
ern hemisphere.
Another important feature of the signal is the∼ 0.4 keV
temperature we infer for the emitting electrons far (ψ ≃
−10◦) inside the edge. This is evident both from the weak
signal in the high ROSAT energy band 7 in most sectors,
and from fitting the lower energy bands (see Table 1) to the
stacked signal. There is some evidence for a higher temper-
ature closer to the edge and in the highest latitudes (see for
example Figures 6 and 7), but here the data is more noisy.
A radially-increasing temperature inside the FBs, dropping
as one crosses outside the edge, is indeed consistent with
our forward shock model (see Figures 1 and 2). The inferred
Mach number at the top of the FBs, assuming a thermal
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equilibrium between shocked electrons and ions, is M ≃ 4,
with an uncertainty of ∼ 2.
Comparing the stacked results with the projected model
in Figure 2, we find that the observed flux and temperature
are fractions DF ≃ 1 and DT ≃ 1/4 of their expected val-
ues (for our putative model parameters), respectively, with
uncertainty factors of ∼ 3 and ∼ 2. This implies similar
upstream densities (see Eq. 18) but somewhat lower Mach
numbers (Eq. 19) than our fiducial values. Accordingly cali-
brating our model, it corresponds to a total energy in (both)
the FBs of
EFB ≃ 2.4× 1056M210n4T0.15 erg (20)
≃ 6× 1055(1DF )1/2(4DT ) erg ,
released in a rapid event that took place
t ≃ 3.3M−110 T−1/20.15 Myr ≃ 6.6(4DT )−1/2 Myr (21)
ago, near (within ∼ 1◦; KG16) the GC.
These model results should be corrected for the larger
extent of the FBs to the west, indicating a higher, EFB ≃
1056 erg energy. Importantly, the relatively low TX we infer
is at some tension with the line of sight velocities towards
PDS 456, observed to be 3–8 times larger than implied by the
calibrated model. To reproduce these velocities, the model
would require a higher gas temperature, and thus would im-
ply younger, more energetic FBs. A possible resolution of
this tension is shock-heating being stronger for ions than it
is for electrons. In particular, Ti/Te ≃ 10 would reconcile the
X-ray data with the observed line-of-sight velocities. This
would imply a very strong, Mach & 10 shock at the top of
young, . 3 Myr FBs, containing a total energy ∼ 1057 erg.
Note that the ion–electron equilibration time would then
exceed the age of the bubbles.
The model calibration is based on the clear signals seen
several degrees to 10◦ inside the edge; the uncertainty in
the radial dependence of the signal dominates our large sys-
tematic errors. Other systematic uncertainties arise from the
simplifying assumptions underlying the X-ray analysis (see
§3); in particular approximating the temperature in each
sector as fixed. We tested our results by varying the analy-
sis, for example by replacing the modelled ROSAT filters by
top-hat filters, and by replacing the absorption column den-
sities by a fixed mean value; the results change within the
systematic errors. Additional systematic uncertainties, not
included here, arise from our oversimplified model: we gen-
eralized the Primakoff-like spherical kinematics to a bipo-
lar flow, and mostly neglected deviations from axisymmetry
(except for a ∼ 30% correction to the overall energy budget).
The stacked ROSAT signal, like the Fermi-LAT signal,
shows no evidence for limb brightening. This indicates that
the upstream density declines rapidly with radius; our up-
stream ne ∝ r−2 model (Figures 1–3) fits the data much
better than an upstream uniform, ne ∝ r0 model (Figure 4).
In some sectors, the detailed agreement between model and
data is quite good, including the monotonic inward strength-
ening of the signal at low latitudes vs. the flattening of the
signal at high latitudes. However, this is not observed in all
sectors, and is seen (compare Figures 8 and 9) to somewhat
depend on the precise edge localization. Accurately inferring
the gas distribution underlying the FBs thus requires a more
careful tracing of the edge, including deviations from ax-
isymmetry and the consequent projection effects, and clean-
ing some of the noise, in particular a possible high-energy
contaminant upstream of the southeast sector.
Our results constrain some fundamental aspects of the
FB phenomenon. First, the strong shock we deduce is con-
sistent with the spectrum inferred from the microwave haze
and from the absence of strong variations in the γ-ray spec-
trum along the edge (KG16). This supports the interpreta-
tion of the haze and the γ-rays as arising from CREs, Fermi-
accelerated by the shock. The very low density we infer rules
out hadronic models for the γ-ray signal, providing strong
support for the competing, leptonic models (for a discussion,
see Gurwich and Keshet, in preparation). While the X-ray
signal removes some of the degeneracies in the model, it does
not by itself unequivocally prove that the FBs lie at a Galac-
tic distance; the emission measure is quite low (comparable
and somewhat lower than reported by Kataoka et al. 2013),
due to the high latitude.
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